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ABSTRACT
Using multi-wavelength data, from UV-optical-near-mid IR, for ∼6000 galaxies in the
local Universe, we study the dependence of star formation on the morphological T-
types for massive galaxies (logM∗/M ≥ 10). We find that, early-type spirals (Sa-Sbc)
and S0s predominate in the green valley, which is a transition zone between the star
forming and quenched regions. Within the early-type spirals, as we move from Sa to
Sbc spirals the fraction of green valley and quenched galaxies decreases, indicating the
important role of the bulge in the quenching of galaxies. The fraction of early-type
spirals decreases as we enter the green valley from the blue cloud, which coincides with
the increase in the fraction of S0s. This points towards the morphological transfor-
mation of early-type spiral galaxies into S0s which can happen due to environmental
effects such as ram-pressure stripping, galaxy harassment, or tidal interactions. We
also find a second population of S0s which are actively star-forming and are present
in all environments. Since morphological T-type, specific star formation rate (sSFR),
and environmental density are all correlated with each other, we compute the partial
correlation coefficient for each pair of parameters while keeping the third parameter
as a control variable. We find that morphology most strongly correlates with sSFR,
independent of the environment, while the other two correlations (morphology-density
and sSFR-environment) are weaker. Thus, we conclude that, for massive galaxies in
the local Universe, the physical processes that shape their morphology are also the
ones that determine their star-forming state.
Key words: galaxies: evolution — galaxies: star formation — galaxies: statistics —
galaxies: structure — galaxies: general — galaxies: groups: general
1 INTRODUCTION
Galaxies are broadly classified, based on their visual mor-
phologies, into ellipticals (Es), lenticulars (S0s), spirals and
irregulars (Hubble 1926). Remarkably, various physical pa-
rameters (in terms of size, optical colors, luminosity, HI mass
fraction, etc.) of galaxies are known to correlate with mor-
phology (Roberts & Haynes 1994). The average star forma-
tion rate (SFR) also shows a strong trend with morphology,
with a low rate of star formation in Es and S0s, and increas-
ing as we go to spiral galaxies (Kennicutt 1998).
With the advent of large area galaxy surveys, like the
Sloan Digital Sky Survey (SDSS, York et al. (2000)), it was
? E-mail: omkar@ncra.tifr.res.in (OB)
† E-mail: barway@saao.ac.za (SB)
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found that in the local Universe, galaxies show a bi-modal
distribution on the optical color-magnitude diagram (Strat-
eva et al. 2001; Kauffmann et al. 2003a; Baldry et al. 2004,
2006) with actively star forming “blue cloud” galaxies and
passively evolving “red sequence” galaxies. The region be-
tween these two populations is defined as the “green valley”
(Wyder et al. 2007). It is believed that the green valley of
galaxies is the transition zone between the blue cloud and the
red sequence (Wyder et al. 2007; Schiminovich et al. 2007;
Mendez et al. 2011), and contains galaxies that have under-
gone recent quenching of star formation (Salim et al. 2007).
Along with the star-formation properties, green valley galax-
ies also have morphological properties (quantified by the
value of the Se´rsic index) intermediate between star-forming
and passive galaxies (Schiminovich et al. 2007). Thus, green
valley galaxies can give us insight into the process of quench-
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ing and its dependence on morphology and other galaxy pa-
rameters.
Further, galaxies also show a correlation between their
star formation rate (SFR) and stellar mass, the so-called
‘main-sequence’ of star-forming galaxies (MS), both in the
local Universe (Brinchmann et al. 2004; Salim et al. 2007)
and at high redshifts of up to 2 (Daddi et al. 2007; Elbaz
et al. 2007; Noeske et al. 2007; Peng et al. 2010). Star-
forming galaxies can loose their position on the MS due
to various physical processes giving rise to a population of
passively evolving galaxies. The exact cause for the cessa-
tion of star formation under different physical conditions is
still heavily debated. Phenomenological studies of quenching
have indicated that there are two completely separable pro-
cesses : ‘mass quenching’ by which star-forming galaxies un-
dergo rapid quenching above the Schechter mass (M∗), and
‘environmental quenching’ which produces a second compo-
nent of quenched galaxies at the lower mass end (Baldry
et al. 2006; Peng et al. 2010). Various physical mechanisms
are invoked to explain quenching e.g., halo-quenching (Dekel
& Birnboim 2006), morphological quenching (Martig et al.
2009), AGN-feedback (Croton et al. 2006), strangulation
(Larson et al. 1980), ram-pressure stripping (Gunn & Gott
1972), and harassment (Farouki & Shapiro 1981; Moore et al.
1996).
Several studies have also shown that the passive state
of a galaxy correlates strongly with the internal structure
of a galaxy e.g., with stellar surface mass density (Kauff-
mann et al. 2003b), in particular with Σ1 kpc, the inner 1
kpc stellar surface mass density (Cheung et al. 2012; Fang
et al. 2013; Woo et al. 2015) or with bulge mass (Bluck
et al. 2014) and also with σ, the central velocity disper-
sion (Wake et al. 2012; Teimoorinia et al. 2016). Such a
correlation is more strong for the central galaxy in a dark
matter halo than for satellites. Omand et al. (2014) have
shown that quenching depends both on the stellar mass and
the effective radius Re. It is important to note that these
correlations may not necessarily mean that there is a causal
connection between the quenching process and galaxy struc-
tural parameters. Lilly & Carollo (2016) have shown using a
simple toy model that such correlations can naturally arise
if we consider the Peng et al. (2010) mass-quenching model
along with the observed redshift evolution of mass-size re-
lation for star-forming galaxies. Moreover, the passive frac-
tion also shows dependence on halo mass (Weinmann et al.
2006; Wetzel et al. 2012; Woo et al. 2013, 2015). Further,
Schawinski et al. (2014) found that in the green valley, early
type galaxies undergo rapid quenching whereas the late-type
galaxies undergo a slow quenching process.
Since finding the visual morphologies of millions of
galaxies from large scale galaxy surveys is difficult, several
recent studies on star formation have mostly ignored the
morphologies of galaxies. Galaxy Zoo (Lintott et al. 2008)
has classified the morphologies of a large number of galax-
ies, but gives a crude classification in terms of only late-type
(which includes all types of spiral galaxies) and early-type
(ellipticals and S0s) galaxies. On the contrary, in our study
we use the detailed visual morphologies (in 12 types – ellip-
ticals, S0-, S0, S0/a, Sa, Sab, Sb, Sbc, Sc, Scd, Sd) from the
Nair & Abraham (2010) catalogue, and hence we can distin-
guish between different kinds of spiral galaxies. We can also
differentiate between ellipticals and S0s which the Galaxy
Zoo morphologies do not.
In this paper, we want to revisit the relation between
classical visual morphologies and star formation in the mod-
ern context of the MS of star-forming galaxies, the transi-
tioning population of green valley galaxies, and the quenched
galaxies, and also as a function of environment from the low
to high densities. We use multiwavelength data from UV-
optical-mid IR and model the SED of ∼ 7000 galaxies to
estimate the stellar mass and SFRs. Due to the availability
of UV data we can also define a green valley. In particular,
we want to study the relation between sSFR-morphology,
morphology-density, and density-sSFR. Since all three of the
parameters, morphological T-type, sSFR, and environmen-
tal density are known to correlate with each other, in each
of the correlations we also study the differential effect of the
third parameter. Further, in order to determine which cor-
relation is the strongest, we compute the partial correlation
coefficient for each of the three correlations while keeping
the third parameter as the control variable.
Our paper is organised as follows. In Section 2, we dis-
cuss our sample selection and our multiwavelength data from
UV-optical-IR. We then briefly discuss the spectral energy
distribution (SED) fitting technique using which we derive
the stellar mass and SFR for our whole sample. We also
discuss the morphological classifications and environmen-
tal density measurements for our whole sample. We then
show our results and discuss them in Section 3. Our main
results on the relation between star formation and mor-
phology are in Section 3.1. In Section 3.2, we study the
morphology-density relation for our sample of galaxies and
separately study this relation for star-forming, green valley
and quenched galaxies. In Section 3.3, we study the relation
between the remaining two parameters, log sSFR and en-
vironmental density. In Section 3.4, we then analyse which
correlation between the three parameters, morphological T-
type, sSFR, and environmental density is strongest by com-
puting the partial correlation coefficient. Finally, we sum-
marize our results and conclude in Section 4.
Throughout this paper we use the standard concordance
cosmology with ΩM = 0.3, ΩΛ = 0.7 and h100 = 0.7.
2 SAMPLE SELECTION AND DATA
ANALYSIS
2.1 Sample selection
Our sample is drawn from the Nair & Abraham (2010) (here-
after NA10) catalogue of detailed visual morphological clas-
sification of 14,034 galaxies. NA10 galaxies were selected
from the Sloan digital sky survey (SDSS) DR4 with spec-
troscopic redshift in the range 0.01 < z < 0.1, and extinc-
tion corrected apparent magnitude limit of g < 16 mag. For
galaxies in our sample, we use optical imaging data from the
SDSS DR12 (Alam et al. 2015) in u, g, r, i, and z bands. In
order to have a better constraint on recent star formation,
we make use of Galaxy Evolution Explorer (GALEX) data
in the far-UV (FUV) and near-UV (NUV) filters. We use
near-IR data from the 2 Micron All Sky Survey (2MASS) in
J,H, and K bands (Skrutskie et al. 2006), wherein we use
the model photometry. Mid IR data are taken from the
MNRAS 000, ??–?? (2017)
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Figure 1. Number of galaxies in our sample with various mor-
phologies, ranging from Es (red), S0s (green), and spirals (blue).
We group together spirals ranging from Sa-Sbc and refer to them
as early-type spirals (ETS), and Sc-Sd types which we refer as
late-type spirals (LTS). Since we have only massive galaxies in
our sample, we have very few number of late-type spiral galax-
ies. Sdm, Sm, and Im morphologies are removed from our final
sample.
Wide-Field Infrared Survey Explorer (WISE;Wright et al.
(2010)) in all four channels - W1, W2, W3, and W4. We
construct our sample by cross-matching the NA10 catalogue
with archival data from GALEX, SDSS, 2MASS, and WISE
which gives us 7,831 galaxies. Of these, we have flux mea-
surements in all the 14 bands for 6,819 galaxies. For 594
galaxies we have flux measurements in 13 bands due to miss-
ing flux in the W4 filter, and for 418 galaxies we have flux
measurement in 10 bands due to missing fluxes in all the
4 WISE filters. For all of these galaxies, we also have local
environmental density information from Baldry et al. (2006).
All our sources are resolved in the four WISE bands and
are also associated with the 2MASS extended source cata-
logue, hence we calculate the fluxes using elliptical aperture
photometry measurement (w?gmag column in the WISE
catalogue). Furthermore, the WISE pipeline measurements
for resolved sources are known to be systematically fainter
by approximately 0.35 mag, 0.28 mag, 0.44 mag and 0.3 mag
in the W1, W2, W3 and W4 band respectively, and we cor-
rect for these offsets1 (Brown et al. 2014) before calculating
the fluxes. After these corrections are made, as mentioned
in the WISE documentation1, these fluxes still have an error
of ∼20%.
2.2 Morphological Classification
The visual morphologies in our final sample are taken from
our parent sample of NA10. In NA10 the authours have done
a careful morphological classification for every galaxy using
SDSS images in all the five bands u, g,r, i, and z. NA10 can
1 http://wise2.ipac.caltech.edu/docs/release/allsky/
expsup/sec6_3e.html
differentiate between different kinds of spirals galaxies into
Sa, Sab, Sb, Sbc, Sc, Scd, Sdm, Sm, and Im. It can also
differentiate between lenticular galaxies into S0− , S0, and
S0/a. Galaxies from NA10 which have somewhat doubtful
classification (denoted by ?), and galaxies with highly un-
certain classification (denoted by :) are not included in our
sample. The comparison of the morphological classification
from NA10 with the RC3 catalogue (de Vaucouleurs et al.
1991) is shown in Table 1. Since NA10 does not differentiate
between c0, E0, and E+ we group them together into ellipti-
cals (Es). Similarly, NA10 does not differentiate between S0
and S0+ morphologies and hence we group them together
and refer them as S0. Thus, in our classification scheme, we
have three types of lenticular galaxies, S0-, S0, and S0/a.
Figure 1, shows the number of galaxies for each of the mor-
phological classes in our sample. We have very few galaxies
from Sdm-Im morphologies since our sample contains only
massive galaxies and hence we remove them from our sam-
ple. This reduces our sample to 7,763 galaxies. The authours
in NA10 have classified their entire sample twice and have
estimated a mean deviation of less than 0.5 T-types.
We will use such a detailed morphological classification
only in Section 3.1.3. For all other sections we will group
together all types of lenticular galaxies (S0-, S0, and S0/a)
and refer them as S0s. And within spiral galaxies we make
two groups: early-type spirals (ETS) ranging from Sa-Sbc
types, and late-type spirals (LTS) ranging from Sc-Sd types.
2.3 Deriving stellar masses and SFRs using SED
fitting
For each of the 7,763 galaxies in our sample, we model the
SED, using the publicly available Multi-wavelength Anal-
ysis of Galaxy Physical Properties (MAGPHYS) code (da
Cunha et al. 2008) (dC08 hereafter). We will briefly describe
the SED modeling done by MAGPHYS here; for a detailed
description, we refer the reader to dC08.
MAGPHYS creates a library of template spectra and
finds the best-fit spectrum to the available data in UV, opti-
cal, near and mid IR bands. MAGPHYS uses“CB07 library”,
which is the unpublished version of the Bruzual & Charlot
(2003) stellar population synthesis model, with a Chabrier
initial mass function. A set of optical library templates are
constructed, by varying the star formation history, which is
modeled as an exponentially decaying star formation rate
with random bursts of star formation superimposed on it,
and also by varying metallicity from 0.02 to 2 times solar
metallicity. The two-component Charlot & Fall (2000) model
is used to estimate the amount of dust attenuation. In this
model, the dust attenuation is higher around young stars
(age < 107 Myr) as they are born in dense molecular clouds.
MAGPHYS then performs a χ2 fit on the given data, say
in UV, optical, and IR bands with the entire library of tem-
plate SEDs. For each parameter in the model, MAGPHYS
also builds a likelihood distribution by weighting the param-
eter value with the probability given by exp(−χ2/2). We use
the median values (the 50th percentile of the marginalized
posterior probability distribution function) of stellar mass
and SFR for each galaxy in our sample (cf. dc08). For ev-
ery galaxy we also estimate the uncertainity in estimating
the stellar mass and SFR using the 16th and 84th percentile
of the marginalized posterior probability distribution, which
MNRAS 000, ??–?? (2017)
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Table 1. Corresponding morphological T-types from the NA10 and RC3 catalogues.
Class c0 E0 E+ S0- S0 S0+ S0/a Sa Sab Sb Sbc Sc Scd Sd Sdm Sm Im
NA10 -5 -5 -5 -3 -2 -2 0 1 2 3 4 5 6 7 8 9 10
RC3 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9 10
will be the lower and upper error bars respectively, follow-
ing dc08. As we lack observations around the 100 micron
dust peak, we are unable to constrain the emission from
cold dust, and hence we refrain from using dust mass and
dust luminosity in our analysis.
We used the MAGPHYS SED fitting technique to model
the individual SED using 14 bands, ranging from UV-midIR,
of 7,763 galaxies in our sample. Following Smith et al. (2012,
Eq. B2), for a data set of 14 bands, the number of degrees
of freedom is 8. This corresponds to a critical χ2 of 20,
above which there is less than 1 percent probability that
our observations are consistent with the models. However,
following the suggestion of Hayward & Smith (2015) of us-
ing a more conservative value than that derived from Smith
et al. (2012), we use a critical χ2 of 5, and remove all galax-
ies with higher χ2 from our sample. This criterion reduces
the sample to 7020 galaxies. Figure 2 is a typical example
of a good fit SED in our sample. Notice that due to lack
of data points the polycyclic aromatic hydrocarbon (PAH)
emission features and FIR dust emission are not very well
constrained.
Figure 3, shows the histogram of stellar mass for the
sample for 7020 galaxies. As our focus in this paper is only
on massive galaxies and their dependence on sSFR, mor-
phology and environment. Hence, we restrict our sample to
only massive galaxies (log M∗/M ≥ 10). The dashed verti-
cal line in Figure 3 shows the stellar mass cut. This finally
reduces our sample to 6194 galaxies, which we will use in
this work. We caution the reader that the results presented
in this paper are valid only for massive galaxies; these could
significantly change for lower mass galaxies, where different
physical processes may play a role in shaping their nature.
Figure 4, shows the distribution of sSFR for our final sam-
ple. The sSFR is obtained by dividing the SFR by the stellar
mass for each galaxy. The sSFR is a proxy for the star for-
mation history of the galaxy, where a high value of sSFR
suggests recent star formation and a low value is an indica-
tor of an older stellar population with little or no recent star
formation. Therefore, following Salim (2014), we define star-
forming galaxies with log sSFR ≥ −10.8, green valley galaxies
with -11.8 < log sSFR < -10.8, and quenched galaxies with
log sSFR ≤ −11.8.
2.4 Environmental Density
We use the local surface galaxy density from Baldry et al.
(2006) as a measure of the environment. It is determined us-
ing, ΣN = N/pid2N, where dN is the distance to the Nth near-
est neighbour which are within the redshift range ±∆zc =
1000 km/s for galaxies with spectroscopic redshifts or within
the 95% confidence limit for galaxies with photometric red-
shifts only. Following Baldry et al. (2006), we use the best
estimate, Σ, obtained by averaging the ΣN for the 4th and
5th nearest neighbour. Figure 5 shows the histogram of log Σ
for our final sample of galaxies. Further we split our sam-
ple into low density (log Σ (Mpc−2) < −0.5), intermediate
density (-0.5 < log Σ (Mpc−2) < 0.5), and high densities
(log Σ (Mpc−2) > 0.5).
We provide the MAGPHYS output along with informa-
tion on morphology, and environmental density from NA10,
for our sample of galaxies in the form of a catalogue. Ta-
ble 2 shows a sub-sample of the catalogue; the full table is
available in the electronic version of this paper.
3 RESULTS AND DISCUSSION
Galaxy morphology, sSFR, and environmental density are
correlated with each other. It is possible that the correla-
tion between any two of the parameters is driven by the
dependence on the third parameter. Hence, in each of the
following subsections we study the correlation between any
two of the parameters along with the differential effect of
the third parameter. We also compute the partial correla-
tion coefficient for each the three correlations while keeping
the third parameter as the control variable.
3.1 Relation between morphology and specific
star-formation rate
In this section, we study the dependence of morphology on
the sSFR-M∗ plane. We then examine the fraction of galax-
ies of different morphologies at fixed sSFR, and also the
differential effect of environment on it.
3.1.1 Dependence of morphology on the sSFR-M∗ plane
We plot sSFR and stellar mass (M∗) for our sample in the
left panel of Figure 6. Most of the galaxies in our sample
have a redshift below 0.07, and hence mass-incompleteness
is not a major issue. We nevertheless correct for the mass-
incompleteness in the sample using the 1/Vmax method
(Schmidt 1968). In this method we simply weight each
galaxy by the maximum volume it can be detected referred
by Vmax . The weight for each galaxy is then 1/Vmax . We
use the 1/Vmax provided by the NA10 catalogue for every
galaxy in our sample. In the left panel of Figure 6 the con-
tours shows the 1/Vmax-corrected density of galaxies on the
stellar mass and sSFR plane. On the top-right corner the
error bars shows the typical uncertainties in the estimation
of stellar mass and sSFR. In order to estimate the typical
uncertainity, we first find the median value of both the 16th
and 84th percentile from the marginalized posterior prob-
ability distribution function for each parameter. And then
take the mean of these two values which represent the error
MNRAS 000, ??–?? (2017)
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Figure 2. Top panel: shows a typical good fit SED in our sample. The x-axis is the rest frame wavelength and y-axis is the luminosity
in solar units. The dots are the observed fluxes in 14 bands from GALEX FUV and NUV (blue), SDSS u, g, r, i, z (green), 2MASS J,H,K
(yellow) and the four WISE bands (red). GALEX, SDSS, and 2MASS points show 1σ errors calculated using the magnitude errors from
the corresponding catalogs. The four WISE bands have errors of 20%. The green line shows the best fit SED. Bottom panel: The dots
show the fractional residues (Ltrue − LMAGPHYS)/LMAGPHYS. The colour code is same as the top panel. Notice that the PAH emission
around 10 µm is not well constrained due to the sparse sampling in this region. Similarly, the dust emission peak around 100 µm is not
well constrained due to lack of far infrared observations.
bar. The typical uncertainity in log M∗ is about 0.048 dex,
and in log sSFR is about 0.125 dex.
Following Salim (2014), galaxies above the upper green
line (log sSFR = −10.8) are termed as star forming galax-
ies (SFGs), and those lying under the lower green line
(log sSFR = −11.8) are termed as quenched galaxies (QGs).
The region between the horizontal green lines in Figure 6
defines the green valley. We clearly find a bi-modality in the
distribution of sSFR also previously noticed in the literature
(Brinchmann et al. 2004; Salim et al. 2007; Peng et al. 2010;
Weinmann et al. 2006; Wetzel et al. 2012).
We then separate our sample by morphology in to four
groups: late-type spirals (LTS), early-type spirals (ETS),
S0s, and Ellipticals (Es). In LTS, we group together Sc,
Scd, and Sd morphologies, and in ETS we group together
Sa, Sab, Sb, and Sbc morphologies. We then plot each of
these groups separately on the sSFR-M∗ plot as shown in
right panel of Figure 6 in shades of blue. In this figure, the
1/Vmax-corrected density map shows the position of a par-
ticular group on the sSFR-M∗ plane and the contours are
repeated for the full sample from the left panel of Figure 6.
The region between the green lines is the green valley. The
star forming sequence is populated mostly by LTS at the low
mass end (log M∗/M ≤ 10.5) and by the ETS at the high
mass end. ETS with high mass are also present in the green
valley and in the quenched region. Es and S0s populate the
region defined for quenched galaxies in the sSFR-M∗ plane
with the S0s having a tail in the green valley. Table 3 shows
the percentage of galaxies of a given morphology in the star-
forming, green valley and quenched regions. As expected,
the star-forming region contains a very small number of Es
(0.3%) and a small number of S0s (11.8%). ETS, comprising
MNRAS 000, ??–?? (2017)
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Table 2. A part of the catalogue of the MAGPHYS output parameters and NA10 morphologies and environmental density for each
galaxy in our sample. The full catalogue is available in the electronic version of this paper.
ObjID R.A. Decl. z log M∗ log sSFR TT log Σ χ2
J2000 (deg) J2000 (deg) (M) yr−1 (Mpc2)
J152757.03+032226.92 231.988 3.37414 0.085 11.71 -12.72 -5 1.199 3.078
J152926.94+032851.96 232.362 3.4811 0.037 10.69 -12.67 -2 0.611 1.239
J094953.04+001854.14 147.471 0.315039 0.064 11.2 -10.62 4 -0.507 2.568
J014921.15+124254.20 27.3381 12.7151 0.034 10.45 -10.32 5 -0.75 0.847
J083114.52+524225.06 127.811 52.707 0.064 11.03 -10.57 2 -0.699 0.554
J085534.67+561207.52 133.894 56.2021 0.045 11.04 -12.97 -2 -0.349 2.461
J084714.08+012144.64 131.809 1.3624 0.04 10.9 -12.17 -5 -0.625 0.818
J120120.28+023125.91 180.335 2.52386 0.021 9.852 -10.52 1 -0.236 1.022
J142720.13+025018.20 216.834 2.83839 0.027 10.54 -10.27 5 -0.13 0.232
J092122.09+545154.28 140.342 54.8651 0.045 11.23 -12.82 -5 0.901 2.485
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Figure 3. Histogram of stellar mass derived using SED fitting
from MAGPHYS. In the final sample only galaxies with log
M∗/M ≥ 10) are included.
Sa, Sab, Sb, and Sbc morphologies, constitute 67.1% and
LTS constitute 20.1% of the galaxies in the star-forming re-
gion. Thus, in the local Universe majority of the recent star
formation in massive galaxies happens in ETS and LTS. On
the other hand, the quenched region predominantly contains
Es (46.2%) and S0s (42.1%) with a small contribution from
ETS (11.7%) and almost no contribution from LTS. In the
green valley, majority is populated by ETS (49.1%) and S0s
(39.9%) and a small percent are Es (8.3%) and LTS (2.7%).
Bouquin et al. (2015) also found that in the green valley, de-
fined using GALEX data, S0-Sa galaxies are more common.
We find that, in the local Universe, massive galaxies in the
green valley are predominantly disk galaxies with a promi-
nent bulge. Further, similar results were also seen from the
Galaxy Zoo (GZ) project by Schawinski et al. (2014) which
identified galaxies as only early-types and late-types. Since
we have detailed morphological classification, we can have a
131211109
log sSFR(1/yr)
0
200
400
600
800
1000
1200
1400
1600
N
u
m
b
e
r
Star-forming Green valley Quenched
Figure 4. Histogram of sSFR, obtained by dividing the SFR
with the stellar mass for each galaxy (note that the x-axis is
inverted), showing a bi-modal distribution. We define the star-
forming region (log sSFR ≥ −10.8), green valley (-10.8 < log sSFR
< -11.8), and quenched region (log sSFR ≤ −11.8) following Salim
(2014).
closer look at the morphology of galaxies undergoing quench-
ing. In particular, a comparison of Fig. 6 with (Schawinski
et al. 2014, see Fig. 3) shows that for massive galaxies,
most of the GZ late-type galaxies in the green valley and
quenched region are likely to have Sa-Sb morphologies. The
small number of GZ early-type galaxies in the green valley
are mostly S0 galaxies.
In Figure 7, we split the ETS into their morphologi-
cal subtypes to explore their distribution on the sSFR-M∗
plane. We can see that as the bulge becomes more promi-
nent when we move along Sbc to Sa morphology, galaxies
gradually make a transition to the quenched region through
the green valley. Table 3 also shows that the star-forming
region comprises higher percentage of Sbc and Sb galaxies
MNRAS 000, ??–?? (2017)
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Figure 5. Histogram of local environmental density
(log Σ (Mpc−2)) for our final sample of galaxies. The dashed lines
separate the sample into low, intermediate, and high densities.
Table 3. Morphological fraction of galaxies which are in star-
forming, green valley and quenched regions.
Star-forming Green-valley Quenched
Total No. 2184 1288 2789
Es 0.3% 8.3% 46.2%
S0s 11.8% 39.9% 42.1%
Sa 10.7% 18.4% 7.8%
Sab 11.0% 11.2% 1.3%
Sb 26.8% 15.1% 2.3%
Sbc 18.6% 4.4% 0.3%
Sc-Sd 20.8% 2.7% 0.0%
than Sab and Sa. Whereas in the green valley there is a
higher percentage of Sa, Sab, and Sb galaxies relative to
Sbc galaxies. Also, in the quenched region Sas galaxies are
more numerous than Sab, Sb, and Sbcs. The main systemic
difference between these different subtypes of ETS is in the
size and luminosity of the bulge component. The variation
we see points towards the importance of the bulge compo-
nent in the quenching of galaxies. A similar result was also
found by Bluck et al. (2014), wherein they found that the
bulge mass correlates most with the passive state of a galaxy.
Mendez et al. (2011) studied the morphologies of green val-
ley galaxies in the redshift range 0.4 < z < 1.2 and found that
14% are in merger, 51% are late-type galaxies, and 35% are
early-type galaxies. Under the simplistic assumption that all
of the merging galaxies in that redshift range will eventu-
ally transform into early-type galaxies, the fraction of green
valley early-type galaxies will increase to 49%, which is very
close to the fraction of early-type galaxies (Es and S0s) in
the green valley that we find, which is 48.1%. In reality, the
situation may be much more complicated wherein the envi-
ronment also plays a role in transforming late-type galaxies
into early-type galaxies.
3.1.2 Fraction of galaxies of different morphologies at
fixed sSFR, and the differential effect of
environment
We study the fraction of LTS, ETS, S0s, and Es in bins of log
sSFR (Fig 8). Here again we correct for the Malmquist bias,
using the 1/Vmax method, while calculating the fractions.
In each of the log sSFR bin, we find the fraction of each
morphological type as follows (cf. van den Bosch et al. 2008,
eq. 2):
fmorph |sSFR =
i=Na∑
i=1
wi
/ j=Nb∑
j=1
wj, (1)
where wi is the weight for each galaxy calculated using
1/Vmax . And Na is the total number of galaxies of a par-
ticular morphlogical type for a given log sSFR bin. Nb is
the total number of galaxies in that log sSFR bin. In all the
sections that follow, all the fractions are 1/Vmax-corrected
using this method. The errors on these fractions are cal-
culated using the jacknife technique following the approach
described in van den Bosch et al. (2008).
It is interesting to see in Fig. 8 that the trends for differ-
ent morphological types are quite different. In accord with
earlier results, LTS have a higher fraction (∼ 0.3) for log
sSFR ∼ −10 and there is a sharp decline in the fraction of
LTS with decreasing log sSFR. Meanwhile, the fraction of
ETS shows a steep increase as log sSFR decreases, with a
peak at the boundary of the star-forming and green valley
regions. This is followed by a sharp decline in the green val-
ley and then settling at about 10% in the quenched region.
Such a decline in the ETS and LTS coincides with an sharp
increase in the fraction of S0s and Es with decreasing log
sSFR. A simple interpretation is a morphological transfor-
mation of LTS and ETS to S0s and Es, which is accompanied
by a decline in the sSFR. Our results are in agreement with
the GZ based study of galaxy morphology and color (Skibba
et al. 2009, see Fig. 5) where they see a correlation between
morphology and color such that the likelihood of early-type
galaxy increases as the galaxy color becomes redder. We can
put a stronger constraint on the morphologies by suggesting
that they are ETS transforming in S0 galaxies in the green
valley. Several physical processes can lead to such morpho-
logical transformations from late-type to early-type galax-
ies which also quench the star formation in these galaxies
(see Boselli & Gavazzi 2006, for a review and the references
therein). This has also been observed in high redshift, upto
∼ 1 (Kovacˇ et al. 2010). Interestingly, there are also two dis-
tinct class of S0s galaxies: one which is in the green valley
and quenched region and thus hosting an older stellar pop-
ulation, and the other which is actively forming stars (with
log sSFR in the range [-9, -8]) hosting a younger stellar pop-
ulation. The latter class of S0s are almost as abundant as the
LTS in that log sSFR bin. Barway et al. (2013) have found
similar populations of young and old S0s using UV-near IR
colours of galaxies. Johnston et al. (2014) have found S0s in
clusters with a younger bulge thus proposing that the final
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Figure 6. Left Panel: Dependence of specific star formation rate on stellar mass for our entire sample. The contours shows the 1/Vmax -
corrected density of galaxies on the stellar mass and sSFR plane. The errorbars on the top-right corner shows the typical uncertanties in
the estimating the stellar mass and sSFR from MAGPHYS. The region between the horizontal green lines defines the green valley from
Salim (2014). Galaxies above the upper green line (log sSFR = −10.8) are termed as star forming, and those lying under the lower green
line (log sSFR = −11.8) are termed as quenched galaxies. This shows the star-forming main sequence of galaxies, the quenched region at
log M∗/M ≥ 10.5, and a well seperated transition zone (green-valley) between the two populations. Right Panel: Same as the left-panel
after splitting our whole sample, where top left: LTS, top right: ETS, bottom-left: S0s, bottom-right: Es. The shading in blue shows the
1/Vmax -corrected density of galaxies in each morphological class. The contours are from the left panel for the full sample. We see a
morphological dependance of the distribution of galaxies on sSFR-M∗ plane where the LTS are in the lower mass end (log M∗/M ≤ 10.5)
star-forming sequence, ETS are in the high mass end of the star-forming sequence and near the green valley, S0s have a large population
in the quenched region and a tail in the green valley, and the Es are mostly quenched.
episode of star formation might be happening in the central
regions of cluster S0s.
Some of the physical processes which lead to changes in
the star formation and morphologies of galaxies are thought
to depend on environment which hosts these galaxies, e.g.
ram-pressure stripping (Gunn & Gott 1972), galaxy harass-
ment (Farouki & Shapiro 1981; Moore et al. 1996), and
strangulation (Larson et al. 1980). Hence, we need to we
study the impact of the environment on the relation between
morphology and sSFR.
To do this, we split our sample into low density (log Σ ≤
−0.5), intermediate (−0.5 < log Σ < 0.5) density, and high
density (log Σ ≥ 0.5) environments and study the fraction of
different morphologies as a function of log sSFR (Fig. 9). We
notice that environmental density does not significantly alter
the fraction of individual morphologies as a function of log
sSFR, except for Es, which are more abundant in intermedi-
ate and high density environments. This is a manifestation
of the morphology-density relation (Dressler 1980). The two
populations of S0s seen in Figure 8 continue to be present
in all the three environments. S0s in green valley and the
quenched region show similar trends in all density environ-
ments, albeit with large uncertainities.
This result, along with our analysis presented in Section
3.4, indicates that morphology is strongly correlated with
sSFR, independent of the environment.
3.1.3 Fraction of star-forming, green valley, and quenched
galaxies at fixed morphological T-type, and the
differential effect of environment
We divide our whole sample of galaxies into three parts as
star-forming (log sSFR ≥ −10.8), green valley (−10.8 > log
sSFR > −11.8) and quenched (log sSFR ≤ −11.8). We then
plot the 1/Vmax-corrected fraction of galaxies in each of
these types for a fixed morphological T-type (Fig. 10) using
the same method illustrated in the earlier sub-section. As we
use all the morphological subtypes in this section, we have
S0s in three stages: S0− (S0s with a smooth light profile),
S0 (S0s with some structure in their light profile), and S0/a
(S0s in a transition from Sa spirals). Spiral galaxies range
from Sa to Sd.
The overall trend seen in Figure 10, that as we go from
early-type to late-type galaxies the quenched fraction de-
creases, is well expected. However, it is interesting to see
that some of the Es are in the green valley (7.9%), and a
negligible fraction of them are star-forming (0.4%). These Es
may have recently undergone gas-rich minor/major merger
which leads to trigerring of star-formation in these galax-
ies. About 70% of the S0− and 65% of the S0 galaxies are
quenched. Thereafter, there is a rapid fall in the fraction
of quenched S0/a galaxies (and hence a corresponding in-
crease in the star-forming and green valley S0/a). Further,
the quenched fraction of Sa spirals only slightly decreases,
and interestingly it is almost equal to both the fraction of
green valley and star-forming Sa spirals. Spirals from Sab to
Sd show a rapid decline in the quenched fraction and green
valley. These fractions in terms of percentages are summa-
rized in Table 4.
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Figure 7. Dependence of specific star formation rate on stellar mass for ETS further split into more detailed morphologies. The region
between the horizontal green lines is the green valley. The density map shows the location of galaxies with different morphologies. Top
left: Sa spirals, Top right: Sab spirals, Bottom-left: Sb, Bottom-right: Sbc. As we move along the Hubble sequence from Sa to Sbc,
galaxies move from the quenched region through the green valley to the star-forming region.
Table 4. Fraction of star-forming, green valley, and quenched galaxies each morphological type.
E S0 Sa Sab Sb Sbc Sc-Sd
Total No. of galaxies 1478 1787 671 429 846 502 548
Star forming galaxies 0.4% 13.5% 34.1% 56.9% 69.6% 86.1% 92.5%
Green valley galaxies 7.9% 26.9% 34.8% 34.4% 23.2% 12.1% 7.2%
Quiescent galaxies 91.7 % 59.6% 31.1% 8.7% 7.2% 1.8% 0.3%
We also examine the role of environment in the
quenched fraction of a fixed morphological type. We plot the
fraction of star-forming, green valley, and quenched galaxies
for a fixed morphological T-type in three different panels.
In each panel, we further split in terms of three environ-
mental bins: low, intermediate, and high density (Fig 11).
The quenched fraction of Es in all the three environments
remains high and almost the same with a small fraction of
them in the green valley. LTS (Sc-Sd) remain mostly star
forming in all environments.
Interestingly, quenched ETS are present in all environ-
ments and their quenched fraction increases with increasing
environment density. The strongest effect of environment
is seen on the Sa spirals and S0/a galaxies, wherein their
quenched fraction increases with increasing environmental
density. Note that the fraction of quenched Sa spirals which
is around 30% in low and intermediate density environments,
suddenly rises to about 50% in the high density environment.
This shows that environment does play a role in quenching of
Sa spirals, however the physical process of quenching is likely
to be gentle since their spiral arms are intact. This rules out
ram-pressure stripping for the quenching of these galaxies,
and makes a gentler process like strangulation more likely.
Our results are in agreement with those of van den Bosch
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Figure 8. Fraction of galaxies of different morphological type (LTS in blue, ETS in green, S0s in red, and Es in brown) as a function of
log sSFR. The errorbars are jacknife errors. Fraction of LTS and ETS decline with decreasing log sSFR, which coincides with an increase
in the fraction of S0s and Es. S0s on the other hand also show a second population, which is actively forming stars. See text for a detailed
discussion.
et al. (2008) and Peng et al. (2015), where the authors argue
for strangulation as the dominant quenching mechanism in
local galaxies.
The quenched fraction of S0/a galaxies, which are in
transition from Sa to S0, also increases with increasing en-
vironmental density. S0− and S0 are mostly quenched in all
environments with their fraction increasing by about 10% in
high density environment. The abundance of quenched S0−
and S0 in intermediate and particularly in low density en-
vironments is intriguing. According to Baldry et al. (2006)
(see their Fig. 9 caption), log Σ > 0.8 Mpc−2 corresponds to
cluster like environments. Thus, our definition of low and
intermediate densities, log Σ < 0.5 Mpc−2, will correspond
to field and group like environment. Thus, at low densities,
ram-pressure stripping may not be a dominant mechanism in
the formation of S0 galaxies. Interestingly, in low density en-
vironments about 30% of the S0/a galaxies are star-forming.
Even though this fraction decreases with increasing density,
in intermediate and high densities about 20% and 10% of
the S0/a galaxies are star-forming, respectively. About 10%
of the S0 and S0− are star-forming in the low density en-
vironment, and their fraction decreases when we go to the
high density environment. The presence of such star-forming
S0s in all environments gives rise to the second population
of star-forming S0s previously seen in Figure 9.
Thus, we conclude that for massive galaxies in the local
Universe, only the quenched fraction of S0/a and S0 galax-
ies show a significant dependence on environmental density.
Further, the fact that the quenched fraction of S0/a galaxies
is more close to that of Sa spirals and much lower than that
of S0 and S0− , shows that S0/a galaxies likely undergo a
different quenching process than that of S0 and S0− galaxies.
3.2 Relation between morphology and local
environment
Next we study the dependence of morphology on the local
environmental density. We follow a similar procedure as in
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Figure 9. Fraction of galaxies of different morphological type (the colour code is same as Fig. 8) in each panel. And in each panel
we further split with environmental density in terms of low density (log Σ ≤ −0.5)-filled line, intermediate (−0.5 < log Σ < 0.5) density-
dashed line, and high density (log Σ ≥ 0.5)-dotted line. The errorbars are jacknife errors. Notice that fraction of ETS at fixed log sSFR
does not change significantly with environment. Es are more abundant in intermediate and high densities. LTS are more abundant in
low and intermediate densities. There continue to be two populations of S0s (green valley/quenched S0s and star forming S0s) in all
environements.
Section 3.1. We first examine the fraction of galaxies with
different morphologies in fixed environmental bins. We then
study the differential effect of sSFR on this relation.
In Figure 12, we plot the the 1/Vmax-corrected fraction
of Es, S0s, ETS, and LTS galaxies in fixed environmental
bins. In high density environments (log Σ > 0.5) the fraction
of ETS decreases and the fraction of Es increases. This is the
well known morphology-density relation (Dressler 1980). In-
terestingly, the fraction of S0s does not increase as we go to
high densities. One reason might be that we only have mas-
sive galaxies in our sample, and the effects of environment
(e.g. ram-pressure stripping), which can transform a spiral
into an S0, is stronger for low-mass galaxies (Mori & Burk-
ert 2000; Marcolini et al. 2003; Bekki 2009; Fillingham et al.
2016; Emerick et al. 2016). LTS are most abundant in very
low densities (log Σ ∼ −1.5) and gradually decline with in-
creasing environmental density. The morphological fraction
of galaxies split in three environmental bins: low-density, in-
termediate density, and high density is summarised in Table
5.
We split our sample into star-forming, green valley, and
quenched galaxies and plot the fraction of galaxies with dif-
ferent morphologies in fixed environmental bins (Fig. 13).
Notice that the morphology-density relation does change,
this is partly because of the paucity of star-forming Es and
quenched/green valley LTS. In the left panel of Fig. 13, frac-
tion of star-forming LTS gradually declines with increasing
environment and the fraction of star-forming ETS increases,
although within errorbars it is not very significant. Except
that in the highest density bin (1.5 < log Σ ≤ 2.0) the trend
is reversed; however this feature is not very significant due
to the large errorbars. Interestingly, in all environments, ex-
cept in the lowest density bin, about 10% of the star-forming
galaxies are S0s. These are the second population of actively
star-forming S0s observed in Figure 9. The ubiquity of these
S0s in all environments, from low density to high density
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Figure 10. Fraction of star-forming (blue), green valley (green)
and quenched (red) galaxies for a fixed morphological T-type go-
ing to Es to Im spirals. The errorbars are jacknife errors. Notice
that the quenched fraction decreases as we move from early-type
galaxies to late-type. The fraction of green valley galaxies in-
creases from Es to S0s and upto Sab spirals beyond which there
is a steep decline. Interestingly Sa spirals shows equal fractions
of all three stages of star-formation.
Table 5. Fraction of galaxies of different morphological types in
low, intermediate, and high density environments.
Low density Intermediate density High density
Total No. 2158 2968 1135
Es 12.0% 21.4% 42.7%
S0s 29.2% 31.9% 31.4%
Sa 13.4% 10.9% 7.1%
Sab 7.9% 6.9% 4.5%
Sb 15.7% 14.1% 8.4%
Sbc 9.4% 7.9% 3.5%
Sc-Sd 12.4% 6.9% 2.4%
requires further study. In all environments, the green valley
galaxies (middle panel of Fig. 13) are mostly ETS (around
50%) and S0s (around 40%), except in the highest density
bins which show a decline. The fraction of green valley Es
increases with increasing density with a steep rise in the
highest density bin, wherein around 75% of the green val-
ley galaxies are Es. These might be Es which have under-
gone recent gas rich minor/major merger(s). Since the rate
of merger increases with increasing environmental density
we find more Es in green valley in such environments. For
quenched galaxies (right most panel of Fig. 13), the fraction
of Es increase with increasing environmental density which
most likely arises from the morphology-density relation. Ex-
cept in the lowest density bin, the fraction of quenched S0s
show a weak decline with increasing density, which is possi-
bly because of the increase in the fraction of Es. The fraction
of ETS declines very rapidly from the lowest density bin to-
wards intermediate densities and then remains constant at
around 10% with a small decline in the highest density bin.
Interestingly, in the lowest density bin (log Σ < −1.5) there
are no quenched S0s, and about 80% of the galaxies are ETS
and about 20% are Es.
We examine the percentage of Es, S0s, ETS, and LTS
in low, intermediate, and high densities as shown in Table
6. Surprisingly, most of the Es, S0s, and ETS are present in
the intermediate density environment.
3.3 Relation between specific star formation rate
and local environment
We now study the relation between the two remaining pa-
rameters, sSFR and environment. We follow a similar proce-
dure as in the earlier two subsections. We first examine the
fraction of star-forming, green valley and quenched galaxies
for fixed environmental bins. Then we use the morphologi-
cal classification in terms of LTS, ETS, S0s and Es to study
the differential effect of morphology on the relation between
sSFR and environment.
The 1/Vmax-corrected fraction of star-forming, green
valley, and quenched galaxies in fixed environmental bins is
shown in Figure 14. The quenched fraction increases with in-
creasing environmental density (and hence the star-forming
fraction decreases). Interestingly, the fraction of green valley
galaxies remains almost constant at about 20% in all envi-
ronments, except in the lowest and highest environment bin
where there is a small decline in the fraction of green valley
galaxies. This was also observed by Wetzel et al. (2012) for
the green valley defined using Hα based SFRs. In Table 7,
we summarise the percentage of star forming, green valley,
and quenched galaxies in low, intermediate, and high density
environments where we observe the same trend as in Figure
14. This shows a strong effect of environment in quenching
of galaxies.
The fraction of star-forming, green valley, and quenched
galaxies for fixed environmental bins, separately for LTS,
ETS, S0s, and Es is shown in Figure 15. We see that most
of the LTS are star-forming and most of the Es are quenched
in all environments. About 10% of all the Es are in the green-
valley in all environments. Star-forming ETS decrease with
increasing environmental density, which will get quenched
and hence the quenched fraction will increase. Some of them
may also transform into quenched S0s which is seen as an
increase in the quenched fraction of S0s. Interestingly, S0s
in lowest environmental density bin are mostly star-forming
(the exact fraction however has very large uncertainity) and
there are no green valley, and quenched S0s. Further, the
fraction of star-forming and green valley S0s show a gradual
decline with increasing environmental density.
Finally, we report the percentage of galaxies in low den-
sity, intermediate density, and high density environments
which are in the star-forming, green valley, and quenched re-
gion in Table 8. As expected, the percentage of star-forming
galaxies is highest at low/intermediate densities and dras-
tically decreases at high densities. The percentage of green
valley galaxies increases from low to intermediate densities
and then shows a significant decrease at high densities. The
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Figure 11. Fraction of star-forming (blue), green valley (green) and quenched (red) galaxies for a fixed morphological T-type shown in
the left, middle, and right panel respectively. In each panel we further split in three environmental bins: low density (log Σ ≤ −0.5)-filled
line, intermediate (−0.5 < log Σ < 0.5) density-dashed line, and high density (log Σ ≥ 0.5)-dotted line. The errorbars are jacknife errors.
Notice that in all environments as we go from early-type galaxies to late-type the quenched fraction decreases. However, the effect
of environment on quenching is most apparent on Sa and S0s, wherein their quenched fraction increases susbtantially in high density
environments. Interestingly, in low density environments the fraction of star-forming S0/a galaxies is high.
Table 6. Fraction of galaxies in low, intermediate, and high densities for different morphological types.
E S0 Sa Sab Sb Sbc Sc-Sd
Total No. of galaxies 1478 1787 671 429 846 502 548
Low density 18.2% 31.8% 40.8% 38.9% 38.8% 41.3% 52.7%
Intermediate density 46.8% 48.3% 47.6% 49.0% 50.0% 50.3% 41.8%
High density 35.0% 18.4% 11.6% 12.1% 11.2% 8.4% 5.5%
Table 7. Fraction of star-forming, green valley, and quenched
galaxies in low, intermediate, and high densities.
Low density Intermediate density High density
Total No. 2158 2968 1135
Star forming 46.1% 35.1% 15.6%
Green valley 21.9% 21.6% 17.3%
Quenched 32.0% 43.3% 67.1%
percentage of quenched galaxies increases from low to inter-
mediate densities and then decreases at high densities.
3.4 Partial correlation coefficient between
morphological T-type, sSFR, and Σ
In the previous sections, we studied the relation between
each of the three parameters, morphology, sSFR, and en-
vironment, taken two at a time, and then studied the dif-
ferential effect of the third parameter. In this section, we
quantify these relations using the partial correlation coeffi-
cient (PCC).
The PCC measures the correlation between any two
variables by removing the effect of a set of control variables.
Table 8. Fraction of galaxies in low, intermediate, and high densi-
ties which are in star-forming, in green valley, and in the quenched
regions.
Star forming Green valley Quenched
Total No. 2184 1288 2789
Low density 44.0% 35.1% 24.6%
Intermediate density 48.0% 49.9% 47.7%
High density 8.0% 15.0% 27.7%
For instance, in our study we know that morphological T-
type and log sSFR are correlated (as the T-type increases
log sSFR increases). However, we know that T-Type and
environmental density (Σ) is anti-correlated because of the
morphology-density relation (as Σ increases the fraction of
early-type galaxies increases i.e. T-type decreases). And Σ
and log sSFR are also anti-correlated, since as Σ increases,
log sSFR decreases. Thus, it is possible that the correla-
tion between morphology and log sSFR is caused by the
effect of environment. In other words, because it is more
likely to find early-type galaxies in high density environ-
ments, and because high density environments are more ef-
ficient at quenching galaxies, we find that early-type galax-
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Figure 12. Fraction of LTS (blue), ETS (green), S0s (red), and
Es (brown) in fixed environmental bins. The errors shown are
jacknife errors. Notice the fraction of ETS decreases, and the frac-
tion of Es increases in the high density environments.
Table 9. Results from the partial correlation coefficient analysis.
The errors on the correlation coefficients are calculated using the
jacknife method.
Variables (control variable) Spearman’s ρ PCC
T-type-log sSFR (Σ) 0.752 ± 0.003 0.735 ± 0.003
T-type-Σ (log sSFR) -0.256 ± 0.010 -0.099 ± 0.011
Σ-log sSFR (T-type) -0.256 ± 0.010 -0.100 ± 0.010
ies are mostly quenched. Similarly, it is possible that we
see a morphology-density relation because as the density in-
creases quenching becomes more efficient, and hence the log
sSFR decreases, and because low levels of log sSFR is found
mainly in early-type galaxies, we see a anti-correlation be-
tween morphology and density . A similar case can be made
of the other two variables.
Thus, we find the PCC between: morphological T-type-
log sSFR with Σ as the control variable, morphological T-
type-Σ with log sSFR as the control variable, and log sSFR-
Σ with morphological T-type as the control variable for our
final sample of 7079 galaxies.
The PCC between any two random variables A and B
with C as the control variable is calculated using,
ρAB ·C =
ρAB − ρAC ρCB√
1 − ρ2
AC
√
1 − ρ2
CB
, (2)
where ρAB is the Spearman’s rank correlation coefficient be-
tween the variables A and B.
The results of our PCC analysis are given in Table 9,
for reference we also show the Spearman’s rank correlation
coefficent (Spearman’s ρ). Since we use 6194 data points
for the PCC analysis, our results are highly significant. The
Spearman’s ρ shows that the correlation between T-type
and log sSFR is high, which remains so even for the PCC.
This suggests that morphology correlates very well with log
sSFR, independent of the environment. The Spearman’s ρ
between T-type-Σ, and Σ-log sSFR is weakly anti-correlated,
which considerably decreases after computing the PCC.
Thus we find that for massive galaxies, morphology is
the strongest indicator of log sSFR, and that such a re-
lationship is real and not just an indirect effect due to
the morphology-density relation and density-sSFR relation.
This shows that, atleast for massive galaxies, the physical
processes which shape the galaxy morphology are also the
most important in deciding their star forming state.
4 SUMMARY & CONCLUSIONS
In this work, we have studied the spectral energy distri-
butions of massive galaxies (log M∗/M ≥ 10.0) along the
Hubble sequence, from Es to spirals, using multi-wavelength
SED fitting using UV-optical-mid IR data from GALEX-
SDSS-2MASS-WISE, for a sample of 6194 galaxies. For these
galaxies, we are able to simultaneously constrain the re-
cent star formation using UV data and also take into ac-
count the dust attenuation from warm dust using IR data.
We compute the star formation rate and the stellar mass
for each galaxy in our sample using stellar population syn-
thesis models. Further, due to the availability of GALEX
UV data, we could define a green valley which has less
contamination from the star-forming and quenched region.
For our whole sample, the detailed visual morphologies in
terms of the Hubble T-types were taken from NA10. Also
for our whole sample we had local environmental density
from Baldry et al. (2006). Using the morphological classifi-
cations, specific star formation, and environmental density
information, we studied the mutual dependence of each of
these parameters. Our results are summarised as follows:
(i) We find that for massive galaxies in the local Uni-
verse, LTS, and Es are primarily star-forming and quenched,
respectively. The green valley is mostly populated by ETS
(49.1%) and S0s (39.9%). A further split of ETS into Sa,
Sab, Sb and Sbcs shows that the growth of the bulge plays
an important role in quenching. Given that these galaxies
are more likely to host a classical bulge which is already
quenched, the final process of quenching likely takes place
in the disk. The typical quenching timescale of green valley
disk galaxies are known to be large, of the order of more than
1 Gyr (Schawinski et al. 2014) and hence the disk quenching
must be a slow process (e.g., halo-quenching, strangulation).
S0s, on the other hand, which also host a bigger bulge have
a disk that may have quenched more rapidly (timescales of
less than 250 Myrs) than ETS and hence they are more
abundant in the quenched region. The properties of both
the ETS and S0s show that at least at the high mass end
(Mstellar > 1010 M), bulge growth is important for quench-
ing, as was also observed by Bluck et al. (2014).
(ii) The fraction of galaxies of different morphological
types (LTS, ETS, S0s and Es) as a function of log sSFR
show very different trends. The distribution of LTS peaks
at much lower log sSFR and falls quite rapidly for log sSFR
> −10. On the other hand, the fraction of ETS peak near
the blue end of the green valley, and falls as we enter the
green valley. Interestingly, this fall coincides with the rise
MNRAS 000, ??–?? (2017)
Interdependence of morphology, SFR, and environment 15
2.0 1.5 1.0 0.5 0.0 0.5 1.0 1.5 2.0
log Σ (Mpc−2)
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
F
ra
ct
io
n
Star-forming Galaxies
2.0 1.5 1.0 0.5 0.0 0.5 1.0 1.5 2.0
log Σ (Mpc−2)
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
Green-valley Galaxies
2.0 1.5 1.0 0.5 0.0 0.5 1.0 1.5 2.0
log Σ (Mpc−2)
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
Quenched Galaxies
Figure 13. Fraction of LTS (blue), ETS (green), S0s (red), and Es (brown) in fixed environmental bins split in three parts: star-forming
galaxies in the left panel, green valley galaxies in the middle panel, and quenched galaxies in the right panel. The errors shown are
jacknife errors. Notice the presence of star forming S0s at all environmental densities. ETS and S0s populate the green valley galaxies in
all environments, except in the highest environmental density bin. Further, the fraction of green Es increase with increasing environmental
density. See the text for a detailed discussion.
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Figure 14. Fraction of star-forming (blue), green valley (green),
and quenched (red) galaxies for fixed environmental bins. The er-
rorbars are jacknife errors. Notice that the fraction of star-forming
galaxies decreases with increasing environmetal density. The frac-
tion of green valley galaxies does not show a significant change
with environmental density.
in the fraction of S0s, which peak near the red end of the
green valley. This points towards the morphological trans-
formation from ETS to S0s. Beyond the green valley, in the
quenched region, the fraction of S0s and ETS declines, and
the fraction of Es starts dominating. Interestingly, we also
find a second population of S0s galaxies which are actively
star forming. A split of our sample into low, intermediate
and high densities shows that this relation does not change
significantly with environment. Remarkably, even the second
population of star forming S0s is present in all the three en-
vironmental bins. This supports the view that morphology
is a strong indicator of the sSFR of a galaxy, with a weaker
dependence on the environment.
(iii) The fraction of star forming, green valley, and
quenched galaxies for a given morphological T-type shows
that as we go from Es to late type galaxies, the quenched
fraction decreases. As was earlier observed, the fraction of
green valley galaxies rises from S0- to Sab galaxies, showing
that, in the local Universe, they are the galaxies in transi-
tion from star forming to the quenched region. Remarkably,
the quenched fraction of S0- and S0 galaxies is much higher
compared to the quenched fraction of S0/a galaxies, which
is more closer to that of Sa spirals. Furthermore, when we
split this relation into low, intermediate and high densities,
we find that at low densities, the fraction of star forming
S0/a galaxies is higher than the quenched fraction. Further,
at high densities there is a rise in the quenched fraction of
S0/a galaxies. Also, the quenched/star-forming fraction of
S0/a galaxies more closely follows the Sa galaxies in all en-
vironments, and unlike the S0- and S0 galaxies, who have
a much higher quenched fraction in all environments. This
indicates that S0/a galaxies undergo a different quenching
process than that of S0-, and S0 galaxies.
(iv) We observe the morphology-density relation for our
sample of galaxies, with the exception that the fraction
of S0s remain roughly constant as we go to higher densi-
ties. This is likely because, we only have high mass S0s in
our sample. The split of the morphology-density relation in
terms of star-forming, green valley and quenched galaxies
shows that there are green valley galaxies in all environ-
ments and they are mostly dominated by ETS, and S0s. The
fraction of green valley Es rise with increasing environmen-
tal density, suggesting that they may have undergone recent
gas rich major/minor merger(s). Interestingly, we also see
the presence of star forming S0s in all environments, from
low to high densities.
(v) The quenched fraction increases with increasing envi-
ronmental density, and except for the lowest and the highest
density bin, the fraction of green valley galaxies remains con-
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Figure 15. Fraction of star-forming (blue), green valley (green), and quenched (red) galaxies for LTS (top left), ETS (top right), S0s
(bottom left), and Es (bottom right). LTS(Es) are star-forming(quenched) as a function of environment. The errorbars are jacknife errors.
Star-forming ETS fraction decreases and quenched S0 fraction increases with increasing environmental density.
stant. This shows that, in the local Universe, massive galax-
ies are recently undergoing transition in all environments. A
split of this relation with different morphological class (LTS,
ETS, S0s, and Es) shows that ETS and S0s are the galaxies
most affected by environment. The fraction of star forming
ETS decline with increasing density, some of which move
into the green valley and quenched regions. This decline co-
incides with the increase in the fraction of quenched S0s,
showing that possibly some of the quenched ETS also un-
dergo a morphological transformation into S0s. Star forming
S0s are most abundant in the lowest density bin, and they
decrease as we go to higher densities.
(vi) Because morphology, log sSFR, and environmental
density are correlated with each other, we find the partial
correlation coefficient by taking two of the variables with the
third variable as the control parameter. Our analysis shows
that the correlation between morphology and log sSFR is
strongest, and independent of the environment. Whereas the
anti-correlations between morphology-density, and density-
sSFR are both weaker when we remove the effect of the third
parameter.
In conclusion, we studied the star formation history us-
ing multi-wavelength data from UV-optical-mid IR along
the Hubble sequence for a sample of 6194 galaxies. Our re-
sults shows that, in the local Universe, for massive galaxies,
ETS and S0s are currently undergoing transition from star-
forming to the quenched region. There are two populations
of S0s, a quenched and an actively star forming one which
is present in all environments. Further, our study of mor-
phology, star formation and environment shows that mor-
phological T-type is the strongest indicator of the sSFR of a
galaxy independent of the environment. The impact of en-
vironment in deciding whether a galaxy is quenched or not,
is seen mainly on S0/a,Sa, and Sab type galaxies.
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